Background: As an acute febrile and inflammatory disease, Kawasaki disease (KD) could develop Kawasaki disease shock syndrome (KDSS) sometimes. However its pathogenesis was still not well known. This study was to learn more about the clinical features and evaluate the role of cytokines in the pathogenesis of KDSS.
Background
Kawasaki disease (KD) is an acute, febrile vasculitis affecting children of younger than 5 years of age [1] . This disease often involved medium-sized arteries, especially coronary arteries [2] . 15-25% of untreated children will develop coronary artery abnormalities (CAAs) including coronary dilatation and aneurysms [3] . CAAs resulted from KD is an important cause of acquired heart disease in children [4] . Fatality rate decreased markedly after the introduction of IVIG therapy in the late 1980s. Timely initiation of treatment with IVIG has reduced the incidence of CAAs from 25 to 4% [5] .
Sporadic cases of KD with a shock syndrome have been described in the literature as early as in the mid 1990s [6] [7] [8] . Dominguez recognized that a subgroup of children with KD were admitted to ICU with shock, often before recognized to have KD [9] . The concept of Kawasaki Disease Shock Syndrome (KDSS) was further defined by Kanegaye in 2009 [10] . They found that this syndrome was associated with more severe laboratory markers of inflammation and greater risk of CAAs, mitral regurgitation and prolonged myocardial dysfunction [11] [12] [13] [14] [15] . The incidence rate of KDSS varied from 2.60 to 6.95% in children in Western countries [9] [10] [11] . In contrast, studies in Taiwan reported lower incidence rate of 1.45% [12] and 1.9% [13] . However its etiology is still unknown.
Clinical characteristics of KDSS include poor perfusion or a shock-like state and typical signs of KD may not be obvious in the early phase of KDSS. So this syndrome is often difficult to diagnose [5] . Delayed treatment with IVIG increases the incidence of CAAs. KDSS patients need early aggressive management to reduce systemic and vascular inflammation. Therapeutic options include a repeat dose of IVIG, administration of infliximab (TNF-α blocker) [16] , anakinra or methylprednisolone [17] . After standard treatment, some patients may still develop CAAs.
KD is a self-limiting disease, even in KD patients with severe CAAs or KDSS. During the self-limiting clinical course of KD, the intensity of systemic inflammation in the acute febrile stage of KD gradually increases and reaches a peak, after which the inflammation gradually decreases and the disease progresses to the convalescent stage. It has previously been postulated that the host immune reactions preceding this peak of inflammation process mediate tissue cell injury, whereas the immune reactions following the peak mediate tissue cell repair. The protein-homeostasis-system of the host is important for recovery from KD [18] . Pathogenesis of KDSS or other organ involvement in KD is unknown, but inflammatory mediators, including cytokines that are resulted from host immune reaction after an established infection of unknown pathogen(s), may be associated with KDSS and CAAs [18] .
Cytokines may work mainly at cell level, and increased level of them may mean the numbers of immune cells involved in various pathologic lesions of KD. In a self-limiting disease like KD, pro-inflammatory reaction and counter-reaction of immune system act against insults from the disease and cytokines in plasma may be easily affected by stage of KD and severity of inflammation in KD. Therefore, study for cytokines' role in KD is need in serial examinations during natural processes of the disease [19] .
To document the distinguishing clinical features of this syndrome and the role of cytokines in its pathogenesis, we compared the clinical characteristics, treatment outcomes and levels of serum cytokines in children with KDSS or the children with KD but without the complicating shock syndrome.
Materials and methods

Patient and controls
From January 2014 to October 2017, 2203 children were diagnosed with KD in our hospital according to the standard diagnostic criteria [20, 21] . KDSS is a severe complication of KD was diagnosed by Kanegaye criteria [10] . Patients with the following findings were excluded from the study: (1) Sepsis with positive blood culture; (2) Other cardiovascular, hypotension or hypertension diseases, and primary disease associated with tumors, hematological diseases, congenital malformations, genetic metabolic diseases, primary myocarditis, primary diseases of major organs; (3) Relapsed KD patients requiring re-treatment; (4) incomplete collection of clinical and laboratory data. Echocardiography was done to determine whether CAAs were present [20, 21] . CAAs were defined using the criteria from the Japanese Ministry of Health [20] . Left ventricular (LV) dysfunction was defined by a shortening of the LV fraction < 28% and an associated lowering of the ejection fraction to < 54% [21] . IVIG-refractoriness was defined as persistent or recrudescence of fever < 48 h after completion of IVIG infusion (2 g/kg) [22, 23] .
Of the 2203 patients with KD, 27 were identified as satisfying clinical criteria of KDSS [10] . For patient with KDSS, we randomly identified 43 patients with KD without shock syndrome as controlled subjects. We retrospectively evaluated the collected clinical and laboratory data from the patients with KDSS and the KD control subjects. This study was approved by the Research Ethics Committees of the Children's Hospital Zhejiang University School of Medicine (2017-IRB-021) and is funded by Zhejiang basic public welfare research project (LGF19H100002).
Clinical and laboratory data, echocardiography, and electrocardiogram collection
The following clinical data were collected: gender, age, race, clinical features and outcomes. Laboratory data were collected prior to treatment with IVIG. These included white blood cell count (WBC), C-reactive protein (CRP), erythrocyte sedimentation rate (ESR), procalcitonin (PCT), liver and kidney and coagulation function and other parameters. Echocardiography and electrocardiogram were collected as appropriate.
Serum cytokine determination by flow cytometry
Serum cytokine determination was routinely done as part of a comprehensive laboratory evaluation in our hospital laboratory. All patients were tested for the six cytokines including IL-2, IL-4, IL-6, IL-10, TNF-α and IFN-γ at admission and at follow-up time points. Two milliliter(ml) of blood were collected, transferred to a serum separating tube and centrifuged at 1000 g at 20°C for 20 min after clotting. The serum was carefully harvested, and was used to determine the cytokine level immediately, or stored at 2°C to 8°C until later for analysis (usually within 12 h). Concentrations of the six cytokines were quantitatively determined using the CBA Human Th1/Th2 Cytokine Kit II (BD Biosciences, San Jose, California) according to the manufacturer's instructions. The minimum and maximum limits of detection for all six cytokines were 1 and 5000 pg/ml, respectively. The cytokine concentrations at the time of KD or KDSS diagnosis were used for analysis in this study.
The area under the ROC curve, referred to as the AUC, is an appropriate measure for describing the overall accuracy of a diagnostic test, with the higher AUC value signifying better diagnostic value. AUCs of IL-2, IL-4, IL-6, IL-10, TNF-α and IFN-γ were calculated respectively.
Statistical analysis
Two-sample Student's t-test was used to test for significant differences in the means of continuous variables. Mann-Whitney U test was used for comparing medians in skewed continuous variables. Proportions were compared using Fisher's exact test appropriately. Receiver operating characteristic (ROC) curve analysis was used to select the optimal cutoff values of parameters. All statistical analyses were performed using SPSS version 20.0 (IBM, Armonk, NY, USA). A two-sided P value < 0.05 was considered statistically significant.
Results
Demographic and clinical features of patients with KDSS or KD
Twenty-seven of a total of 2203 patients with KD were identified as KDSS (1.23%). All patients were of Han descent in China. The patients with KDSS was older age (43.41 ± 31.42 vs 28.81 ± 21.51 months, P < 0.05), longer duration of fever(10.63 ± 5.12 vs 6.98 ± 2.45 days, P < 0.05) than those patients with KD. There was no significant difference in sex-distribution, clinical KD findings such as conjunctivitis, oral mucous membrane changes, cervical lymphadenopathy, changes in the peripheral extremity, polymorphous rash between 2 groups (all P > 0.05) ( Table 1) . .5-94.4) vs 6.7 (2-56) pg/ml] were found in patients with KDSS (all P < 0.05, respectively). There were no significant differences in IL-2 and IL-4 between two groups (all P > 0.05) ( Table 3 ). The area under the ROC curves, referred to as the AUCs of IL-6, IL-10, IFN-γ, TNF-α, IL-2, and IL-4 levels were calculated to be 0.802, 0.801, 0.759, 0.618, 0.499, and 0.406, respectively, indicating that levels of IL-6, IL-10, and IFN-γ may be used as additional tools to distinguish KDSS from KD (P < 0.05). ROC curves showed that 66.7 pg/ml of IL-6,20.85 pg/ml of IL-10 and 8.35 pg/ml of IFN-γ had sensitivity and specificity for KDSS as 85.2 and 62.8%, 66.7 and 83.7%, 74.1 and 74.4% respectively. Thus, KD patients with IL-6 above 66.7 pg/ml, IL-10 above 20.85 pg/ml, and IFN-γ above 8.35 pg/ml may have a higher risk to evolve into KDSS (Fig. 1 ).
Laboratory data of patients with KDSS or KD
Treatment and outcomes of patients with KDSS or KD All 27 KDSS patients (100%) received systemic steroids,-fluid resuscitation and conventional therapy with aspirin and IVIG. Hypotension was recovered quickly after treatment in 14 patients. Other 13 (48.15%) of KDSS patients were admitted to the ICU due to hypotension or shock. Eight of cases (29.63%) required vasopressor including dobutamine, dopamine, and epinephrine because of persistent hypotension or shock. The other 5 patients can maintained normal blood pressure by intravenous normal saline. The hospital length of stay in patients with KDSS was significantly longer than KD patients (13.52 ± 5.12 vs 5.35 ± 2.02 days, P < 0.05). More common of IVIG-resistance (70.37% vs 2.30%), CAAs (55.56% vs 9.30%), and aseptic meningitis (48.15% vs 4.65%) were found in KDSS than KD (all P < 0.05). The male/female ratio for CAAs was 2:1 in KDSS. There were more other organ damage in KDSS group [85.19% (23/27) vs 14% (6/43), P < 0.05) including liver damage (Table 4) .
Discussion
The strength of this study is the large number of KDSS patients that we can study. The incidence of KD in China has been shown to significantly higher than the Europeans [20, 24, 25] . In our study, the incidence rate of KDSS was 1.23%, which was lower than Western countries [9, 11] , but in line with the Taiwanese studies and might suggest ethnic differences in the development of KDSS. [11, 19] . In our study, the male/female ratio was 1.7:1 in KDSS group, and was similar to that reported [15] .
Our study showed that it was difficult to distinguish KDSS from KD based only on clinical features (Table 1) . Similar to previous studies [9] [10] [11] [12] [13] [14] [15] 26] , the KDSS subjects tended to be older, higher incidence of CAAs and IVIG resistance, and had a longer duration of fever. As KDSS is characterized by shock, the need for vasopressor and ICU admission, more complications such as aseptic meningitis and other organ damage (Table 4) . While these parameters do not help distinguish those KD During the acute phase of KD, the immune system is activated resulting in an increase in pro-inflammatory cytokines in the circulation. That these inflammatory cytokines may cause local and systemic damage has been supported by clinical findings and in the animal model [27] [28] [29] [30] . In the Lactobacillus casei cell-wall extract (LCWE) induced mouse model of KD, IL-1 signaling pathways were involved in vasculitis, coronary arteritis and abdominal aortic aneurysm [31, 32] . Clinically, the inhibition of IL-1 was successful in treating refractory KD [33] . Together, these data demonstrated that elevated IL-1 level in KD may play a role in its pathogenesis [34] . Other inflammatory cytokines were found to be involved in pathogenesis of KD, both experimentally and clinically. Increased production of inflammatory cytokines (IL-1, TNF-α and IL-6) were associated with the pathogenesis of cardiac lesions in LCWE-induced KD murine model [35] . Similarly, increased inflammatory cytokine levels had been described in children with KD [29, 36, 37] . In our study, we found that the levels of cytokines including IL-6, IL-10, TNF-α and IFN-γ were significantly higher in sera of KDSS patients than the control KD patients. ROC curves showed that 66.7 pg/ ml of IL-6, 20.85 pg/ml of IL-10 and 8.35 pg/ml of IFN-γ can differentiate KDSS from KD with sensitivity and specificity of 85.2 and 62.8%, 66.7 and 83.7%,74.1 and 74.4% respectively. This finding has not been previously reported in the literature. In fact, other cytokines also play an important role in the development of KDSS. We have not obtained similar results because of there are too few cases in our study.
Other inflammatory markers were also significantly elevated in KDSS patients. In our study, serum PCT levels were elevated in 9 KDSS patients who were initially diagnosed with septic shock. The symptom of shock was not relieved after antibiotic treatment, but improved after treatment with IVIG. Increased PCT have been reported to be associated with IVIG non-responsiveness [38, 39] . It has also been reported to be associated with CAAs in a study [40] , although this finding was not corroborated in other studies [39, 41] . Thus, like the inflammatory cytokines, PCT was elevated in complications of KD including the shock syndrome. As PCT is produced by parenchymal cells of major organs [42] , it may be a better biomarker to detect multi-organ failure, in contrast to CRP which is produced mainly in the liver [43] . Whether it can be used as a surrogate for the inflammatory cytokines remains to be determined.
Like the other studies, we did find that the platelet count in KDSS group tended to be lower (P = 0.056). CRP and the mean ESR in the KDSS group were higher. Our study differed from the other as we had found that the KDSS patients had higher number of WBC and PMNs, which was not described in other studies [9, 10, 13] . In our study, WBC, CRP, ESR and anemia were significantly higher in KDSS patients. These results have been shown to be closely related to elevated cytokine levels. For example, anemia was significantly worse in the KDSS patients which might be a result of IL-6 induced up-regulation of hepcidin [44] . Levels of CRP were positively correlated with IL-6 [45] . IL-6 promotes chronic inflammation which can lead to multiple organ damage and failure. With consistently elevated IL-6, hypoalbuminemia, hyponatremia and anemia appeared in patients [46] . Our study showed that the concentration of albumin, sodium and potassium in blood were significantly lower in KDSS group than KD patients and may reflect the significantly elevated cytokine such as IL-6 in these patients.
We believe that the increased in frequencies of CAAs and IVIG non-responsiveness in our KDSS patients were due to the increased inflammatory cytokines as well. Those patients who were IVIG non-responsive and those patients who developed CAAs had a higher serum level of IL-10 as compared to the patients who had not any complications [47, 48] . Significantly higher levels of IL-6 and IL-10 were seen in patients who were IVIG non-responders and in those who developed CAAs [29, 49] . Others have found that serum levels of sIL-2R and TNF-α were significantly higher in the patients with coronary aneurysm than in those without [50, 51] . Thus, mechanisms leading to the development of KDSS might be similar to the development of CAAs and IVIG non-responsiveness in KD. However, since not all subjects with IVIG non-responsiveness and CAAs developed shock syndrome, and since not all KDSS developed CAAs and IVIG non-responsiveness, additional factors may be involved in the pathophysiology of the shock syndrome.
One mechanism of action of IVIG may be due to the presence of naturally occurring anti-cytokine antibodies [52] . When there was excessive production of inflammatory cytokines as in the severely ill patients with KDSS, the amount of naturally occurring ant-cytokine antibodies contained in IVIG may be insufficient to block the excessive cytokines completely, so resulting in IVIG non-responsiveness in KDSS [52, 53] . Wang Y [29] suggested that KD patients with IVIG non-responsiveness had serum levels of IL-6 and IL-10 that decreased slowly and the levels of IL-4 and TNF-α that increased after treatment with IVIG. In our study, 70.37% of the KDSS patients were IVIG-nonresponders which was significant higher than 2.3% in KD group (Table 4) .
It is clear that shock seen in KDSS is not due to infection. Non-infectious shock syndrome may be cardiac or non-cardiac in nature. We noted that CK-MB was significantly elevated in KDSS patients (Table 2 ). These data suggests that there may be local myocardial damage from myocardial and endocardial inflammation. This finding has also been reported by Inoue [54] . However, we found no difference in the ejection fraction between the 2 groups (Table 4 ), in contrast to those studies by Kanegaye and Taddio [10, 15] . The reason for this difference is not entirely clear.
Hypovolemia and shock may also result from vascular leak as exemplified by systemic capillary leak syndrome (SCLS) [55] . SCLS is reversible plasma extravasation and vascular collapse accompanied by hypoalbuminemia due to increased vascular leakage [56] . Interestingly this condition also responds to IVIG [57, 58] . In an in vitro system, Damle demonstrated that IL-2 activated lymphocytes could cause an increased flux of albumin across monolayer endothelial cells [59] . This suggested that IL-2 may play a role in the development of the SCLS [60] . The evidence that IL-2 production by T lymphocytes was downregulated by IVIG, provided a plausible explanation for the reversal of SCLS by IVIG [57] . The favorable response of KDSS to IVIG may be similar although we did not find evidence of increase IL-2 production in the KDSS patients (Table 3) .
There are also shortcomings in this study. The number of cases in the control group is not enough, which may lead to sample bias. Since complete KD, incomplete KD, and KDSS are diagnosed by clinical manifestations, there could be a possibility of patient-selection bias. Although the control KD subsets could not match to KDSS group for age and fever duration, previous studies from the hematological department study group of our hospital showed that cytokine levels were more related to severe status of disease, but not to age and fever duration [61, 62] .
Conclusions
KDSS is an uncommon complication of KD but can lead to significant sequelae and poor outcome. The incidence of KDSS in our study was lower than the Western countries. KDSS were characteristic as hyperinflammation in serum and more prone to developing IVIG non-responsiveness and CAAs and aseptic meningitis. Increased production of IL-6, IL-10, TNF-α and IFN-γ cytokines may pay a key role in the pathogenesis of KDSS. IL-6 above 66.7 pg/ml, IL-10 above 20.85 pg/ml, and IFN-γ above 8.35 pg/ml suggested higher risk for KDSS. The paired cytokine studies may be helpful to define the cytokines' role in KD and KDSS, but we did not analysis. 
